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HIGHLIGHTS 


•  LixNii_xO  was  suppressed  by  Ru-doping  as  revealed  by  the  presence  of  such  an  impurity  phase  in  LiNio.5Mn1.5O4. 

•  LiNio.4Ruo.o5Mni.504-1000  °C  exhibits  excellent  electrochemical  performances  even  at  high  C-rates. 

•  The  mass  loadings  of  the  cathodes  significantly  affect  the  delivered  capacities  especially  at  high  C-rate. 
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The  citric  acid-assisted  sol-gel  method  was  used  to  produce  the  high-voltage  cathodes  LiNio.5Mn1.5O4 
and  LiNi0.4Ru0.05Mn1.5O4  at  800  °C  and  1000  °C  final  calcination  temperatures.  High  resolution  powder 
diffraction  using  synchrotron  radiation,  inductively  coupled  plasma  —  optical  emission  spectroscopy  and 
scanning  electron  microscopy  analyses  were  carried  out  to  characterize  the  structure,  chemical 
composition  and  morphology.  X-ray  absorption  spectroscopy  studies  were  conducted  to  confirm  Ru 
doping  inside  the  spinel  as  well  as  to  compare  the  oxidation  states  of  transition  metals.  The  formation  of 
an  impurity  LixNii_xO  in  LiNio.5Mn1.5O4  powders  annealed  at  high  temperatures  (T  >  800  °C)  can  be 
suppressed  by  partial  substitution  of  Ni2+  by  Ru4+  ion.  The  LiNi0.4Ru0.05Mn1.5O4  powder  synthesized  at 
1000  °C  shows  the  highest  performance  regarding  the  rate  capability  and  cycling  stability.  It  has  an  initial 
capacity  of  -139  mAh  g-1  and  capacity  retention  of  84%  after  300  cycles  at  C/2  charging-discharging  rate 
between  3.5  and  5.0  V.  The  achievable  discharge  capacity  at  20  C  for  a  charging  rate  of  C/2  is 
-136  mAh  g_1  (-98%  of  the  capacity  delivered  at  C/2).  Since  the  electrode  preparation  plays  a  crucial  role 
on  parameters  like  the  rate  capability,  the  influence  of  the  mass  loading  of  active  materials  in  the  cathode 
mixture  is  discussed. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Among  all  the  cathode  materials,  the  Mn-based  spinel  materials 
are  potential  candidates  for  high  energy  and  high  power  density 
battery  applications  due  to  their  high  operating  voltage  [1—3]. 
Moreover,  they  exhibit  high  rate  performance  as  a  result  of  the  3D 
lithium  diffusion  path  formed  by  8a  tetrahedral  and  16c  octahedral 
sites  2,4  . 
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The  Ni-doped  Mn  spinel  with  the  composition  LiNio.5Mn1.5O4 
(LNMO)  is  a  highly  promising  cathode  material  which  shows  an 
impressive  electrochemical  performance  like  large  reversible  ca¬ 
pacity  at  a  high  operating  voltage  around  4.7  V  where  the  reversible 
Ni2+  Ni4+  +  2e_  redox  reactions  take  place  [5-9].  In  the  ideal 
LiNio.5Mn1.5O4  spinel,  the  oxidation  state  of  Ni  and  Mn  are  +2 
and  +4,  respectively,  and  no  Mn  ions  exist  in  the  trivalent  state, 
which  is  well-known  as  Jahn-Teller  ion  causing  structural  insta¬ 
bility  [5,10-12].  However,  usually  a  small  amount  of  Mn3+  remains 
in  the  compound  as  a  result  of  oxygen  deficiency  after  the  high 
temperature  synthesis  process  [13-20  .  Additionally  the 


534 


N.  Kiziltas-Yavuz  et  al.  /  Journal  of  Power  Sources  267  (2014)  533—541 


electrochemical  performance  especially  at  high  rates  still  needs  to 
be  improved  to  meet  the  required  power  density  21-23]. 

It  has  been  already  reported  that  cation  doping  on  LNMO  spinel 
enhances  the  reachable  capacity,  cycling  stability  and  the  cycling 
performance  at  high  C-rates  [13,21,22,24,25  .  Furthermore,  the 
doping  of  spinels  by  3d  or  4d  cations  can  also  improve  the  electrical 
conductivity  and  the  structural  stability  [23,26-28  .  In  2010,  Le 
et  al.  studied  the  influence  of  tetravalent  cation  substitution  on 
LNMO  [29].  They  synthesized  LiNio.5Mni.5_xMx04,  M  =  Ti 
(0  <  x  <  1.3)  and  Ru  (0  <  x  <  1)  samples  with  solid-state  reactions. 
They  have  reported  that  Ti  doping  decreases  the  high-voltage 
electrochemical  activity.  In  contrast,  the  capacity  was  maintained 
and  the  kinetics  were  improved  by  Ru  doping.  However,  no  high- 
rate  investigations  are  reported  in  this  work.  Wang  et  al.  reported 
that  the  doping  of  Ru  improves  the  rate  capability  and  also  the 
high-rate  cycling  stability  of  LNMO  22,23].  They  have  synthesized 
the  LiNio.5-2xRUxMn1.5O4  (x  =  0,  0.01,  0.03,  and  0.05)  samples  with 
solid-state  and  polymer-assisted  methods.  Among  all  the  Ru-doped 
samples,  LiNio.4Ruo.05Mn1.5O4  showed  superior  cycling  perfor¬ 
mance  (at  10  C  charge-discharge  rate)  and  rate  capability  between 
3.0  and  5.0  V.  The  substitution  of  a  part  of  divalent  Ni  ions  with 
tetravalent  Ru  ions  induced  some  octahedral  vacancies  [23].  Since 
the  lithium  diffusion  occurs  between  tetrahedral  sites  via  vacant 
octahedral  sites,  the  additional  octahedral  vacancies  formed 
enhance  the  feasibility  of  this  process.  They  reported  that 
LiNi0.4Ru0.05Mn1.5O4  shows  -100%  discharge  capacity  of  its  initial 
discharge  capacity  when  charged  with  a  rate  of  0.2  C  and  dis¬ 
charged  from  0.2  C  to  2  C.  For  the  high  discharge  rate  of  10  C,  it  can 
still  retain  89%  of  its  initial  discharge  capacity.  At  the  highest  rate  of 
10  C  they  reported  discharge  capacities  of  117  mAh  g-1  and 
121  mAh  g-1  for  solid-state  and  polymer-assisted  synthesized 
LiNi0.4Ru0.05Mn1.5O4,  respectively. 

In  this  study,  sol-gel  synthesized  LNMO  and  LiNio.4R- 
U0.05Mn1.5O4  (LNRMO)  cathode  materials  were  investigated.  The 
high  rate  performance  studies  were  carried  out  up  to  a  discharge 
rate  of  20  C  with  constant  charge  rate  of  0.5  C.  At  10  C  discharge 
rate,  the  LiNio.4Ruo.05Mn1.5O4  sample  synthesized  at  1000  °C 
delivered  139  mAh  g-1  capacity  (-100%  of  the  capacity  delivered  at 
C/2).  Moreover,  at  20  C  discharge  rate,  the  material  delivered  a 
capacity  of  136  mAh  g-1  (-98%  of  the  capacity  delivered  at  C/2) 
which  indicates  an  excellent  high-rate  performance  of  this  mate¬ 
rial.  Further  details  of  the  electrochemical  performance  of  the  Ru- 
doped  material  in  comparison  with  the  undoped  LNMO  material 
are  discussed  in  this  manuscript. 

2.  Experimental 

The  LiNio.5Mn1.5O4  and  LiNi0.4Ru0.05Mn1.5O4  materials  were 
synthesized  by  citric  acid-assisted  sol-gel  method.  LiCH3_ 
C00-2H20,  Mn(CH3COO)2  -4H20,  Ni(CH3C00)2-4H20  and  Ru(CH3_ 
COO)2  precursors  were  dissolved  in  a  mixture  of  citric  acid  and 
ethylene  glycol  (1:4  mol  mol-1)  by  heating  at  90  °C.  Later  the  so¬ 
lution  was  heated  up  to  180  °C  to  evaporate  the  excess  ethylene 
glycol  from  the  mixture  and  to  get  a  transparent  gel.  The  obtained 
gel  was  pre-calcined  at  400  °C  for  5  h  to  remove  the  carbon.  When 
the  furnace  cooled  down  to  room  temperature,  the  mixture  was 
ground  in  a  mortar  and  then  pre-annealed  at  600  °C  for  24  h  in  air 
with  intermittent  grinding.  Until  this  step,  the  heating  rate  was 
300  °C  hr1.  After  this  step,  the  materials  were  separated  into  two 
parts  for  post  annealing.  One  part  of  each  material  composition  was 
annealed  at  800  °C  and  the  other  part  at  1000  °C  with  a  heating  rate 
of  600  °C  h-1  and  holding  time  <1  min  and  cooled  down  to  RT 
slowly  in  the  furnace  to  obtain  the  final  products.  In  the  following, 
the  samples  annealed  at  800  °C  and  1000  °C  are  called  LNMO- 
800  °C,  LNMO-1000  °C,  LNRMO-800  °C  and  LNRMO-1000  °C. 


Diffraction  experiments  were  performed  at  the  high  resolution 
powder  diffraction  beamline  (P02.1)  at  PETRA-III,  DESY,  using 
synchrotron  radiation  with  an  energy  of  60  keV  (A  =  0.20726  A)  and 
an  exposure  time  of  2  min.  The  materials  were  filled  in  Kapton 
capillaries  with  a  diameter  of  1.024  mm  and  the  diffraction  patterns 
were  acquired  using  a  2D  flat  panel  detector  (Perkin  Elmer 
amorphous-Silicon  detector).  The  obtained  2D  images  were  inte¬ 
grated  to  ID  diffraction  patterns  using  the  X-ray  image  processing 
program  Fit2D  [30].  The  structure  refinement  was  performed  with 
Rietveld  method  using  the  Fullprof  software  package  [31  .  In  order 
to  obtain  the  bulk  oxidation  states  as  well  as  to  understand  the  local 
coordination  of  the  doped  and  undoped  system  X-ray  absorption 
studies  (XAS)  were  conducted.  XAS  measurements  on  Mn  and  Ni  K 
edges  were  carried  out  at  XAS  beamline,  ANKA,  Karlsruhe  and  Ru  I< 
edge  at  BM  23  beamline  at  the  ESRF,  Grenoble.  XAS  spectra  on 
electrodes  were  recorded  in  transmission  geometry  for  both  Mn 
and  Ni  K  edges.  However,  due  to  the  low  amount  of  the  Ru  in  the 
sample,  fluorescence  geometry  was  preferred  for  the  Ru  I<  edge 
measurements.  The  spectra  were  processed  using  the  Demeter 
software  package  based  on  IFEFFIT  and  FEFF  [32].  Extended  X-ray 
absorption  fine  structure  analysis  (EXAFS)  was  done  using  a 
structural  model  for  LiNio.5Mn1.5O4  with  Fd3m  space  group.  It  may 
be  noted  that  an  identical  first  shell  structure  model  was  used  for 
generating  theoretical  feff  path  (ah  initio  multiple  scattering  cal¬ 
culations)  with  corresponding  absorbing  atom  occupying  the  origin 
position.  For  each  edge  and  for  each  sample,  fitting  parameter 
involved  a  unique  amplitude  reduction  factor  or  many-body  effects 
(Sq)  and  overall  energy  parameter  (Eo).  Moreover,  each  shell  cor¬ 
responding  to  an  edge  or  sample  was  associated  with  unique 
temperature  factor  or  EXAFS  Debye- Waller  factor  (DW)  and 
interatomic  distance  parameter  (r).  The  elemental  analysis  of  the 
materials  was  carried  out  with  Inductively  Coupled  Plasma-Optical 
Emission  Spectroscopy  (ICP-OES).  The  morphology  of  the  particles 
was  analyzed  with  a  Zeiss  Supra  55  SEM  (Scanning  Electron  Mi¬ 
croscope)  with  primary  energy  of  15  keV  and  an  in-lens  detector. 
Before  acquiring  SEM  images,  a  layer  of  8  nm  Au/Pd  (Au  =  80%  and 
Pd  =  20%)  was  sputtered  on  the  surface  of  the  materials  using  a  DC 
sputtering  device  (SCD  -  050,  Baltec)  to  reduce  charging  effects. 

The  LiNio.5Mn1.5O4  and  LiNio.4Ruo.05Mn1.5O4  electrodes  were 
prepared  by  mixing  80%  (w/w)  of  the  active  material,  10%  (w/w) 
super  C  65  carbon  (TIMCAL)  and  10%  (w/w)  polyvinylidenefluoride 
(Solef  PVdF  6020  binder,  Solvay),  in  N-methyl-2-pyrrolidone  (NMP, 
Sigma-Aldrich)  to  get  a  slurry.  The  obtained  slurry  was  coated  on 
aluminium  foil  with  wet  thicknesses  of  120  pm  and  300  pm,  pre¬ 
dried  overnight  at  80  °C  and  punched  out  with  the  diameter  of 
1.2  cm.  The  electrode  disks  were  further  dried  at  100  °C  under 
vacuum  and  finally  pressed  with  8  tons.  The  mass  loadings  and 
thicknesses  of  the  obtained  electrodes  are  -2  mg  cm-2  and  12  pm 
(for  120  pm  wet  thickness  coating)  and  -4.5  mg  cm-2  and  25  pm 
(for  300  pm  wet  thickness  coating)  without  including  the  thickness 
of  Al  foil  on  which  the  slurry  was  coated.  Two  electrode  Swagelok®- 
type  test  cells  were  assembled  in  an  argon-filled  glove  box  with 
lithium  foil  (Alfa  Aesar)  as  anode,  LP30  (1  M  LiPFg  in  ethyl- 
enecarbonate  (EC):dimethylcarbonate  (DMC)  =  1:1)  as  electrolyte 
and  glass  microfiber  filters  (WhatmannR-GF/D  70  mm  0)  as  sepa¬ 
rator.  All  electrodes  were  electrochemically  characterized  with  a 
VMP3  multi-channel  potentiostat  (Bio-Logic,  France)  at  25  °C  in  the 
voltage  range  of  3.5-5.0  V  with  galvanostatic  cycling  and  cyclic 
voltammetry  (CV)  techniques. 

3.  Results  and  discussion 

Table  1  displays  the  Li/transition  metals  ratios  of  the  compounds 
as  determined  by  ICP-OES.  The  observed  values  for  Li  are  slightly 
smaller  than  the  theoretical  values,  indicating  a  small  lithium  loss 
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Table  1 

The  results  of  ICP-OES  analyses. 


Sample 

Ratio  of  Li/ 
transition 
metals 
(expected) 

Ratio  of  Li/ 
transition 
metals 
(observed) 

Ratio  of  transition 
metals  Ni:Mn:Ru 
(observed) 

LNMO-800  °C 

0.5 

0.4951 

0.5025:1.5172 

LNMO-1000  °C 

0.5 

0.4956 

0.5004:1.5172 

LNRMO-800  °C 

0.5128 

0.5071 

0.4048:1.4853:0.0421 

LNRMO-1000  °C 

0.5128 

0.5082 

0.3931:1.4853:0.0439 

during  high-temperature  synthesis.  Nevertheless,  no  significant 
difference  is  detectable  between  the  samples  synthesized  at  800  °C 
and  1000  °C.  Fig.  la-d  shows  the  diffraction  patterns  of  LNMO  and 
LNRMO  powders  post-annealed  at  800  °C  and  1000  °C.  All  the 
materials  have  cubic  spinel  structure  and  the  patterns  are  indexed 
with  the  Fd3m  space  group.  An  impurity  phase  with  the  rock  salt 
LixNii_xO  (Fm3m)  structure  is  obtained  for  LNMO-800  °C  and 
LNMO-1000  °C  powders  with  phase  fractions  of  ~1%  and  ~3%, 
respectively.  The  existence  of  this  impurity  phase  is  one  of  the  re¬ 
sults  of  oxygen  deficiency  in  the  compound  which  is  related  to  the 
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Fig.  1.  Synchrotron  diffraction  patterns  of  as  prepared  a)  LiNio.5Mni.504-800  °C,  b)  LiNio.5Mni.504-1000  °C,  c)  LiNio.4Ru0.o5Mni.504-800  °C  and  d)  LiNi0.4Ruo.o5Mni.504-1000  °C 
samples. 


Table  2 

Rietveld  refinement  results  based  on  synchrotron  diffraction  data  (space  group  Fd3m). 


Samples 

Atom  site 

x=y  =  z 

a  (A) 

Volume  (A3) 

Fraction  of 
impurity  phase  (%) 

Overall  temperature 
factor  (Bov) 

Rwp 

LNMO-800  °C 

1  Li  1 8a 

0.125 

8.1722(1) 

546(1) 

1 

0.38 

6.25 

[Ni]i6d 

0.500 

[Mn]i6d 

0.500 

[0]32e 

0.2630(3) 

LNMO-1000  °C 

[Li]sa 

0.125 

8.1779(1) 

547(1) 

3 

0.39 

8.68 

[Ni]i6d 

0.500 

[Mn]i6d 

0.500 

[0]32e 

0.2630(4) 

LNRMO-800  °C 

1  Li  1  Sa 

0.125 

8.1830(1) 

548(1) 

— 

0.36 

5.12 

[Ni]i6d 

0.500 

[Mn]i6d 

0.500 

[Rulied 

0.500 

[0]32e 

0.2631(3) 

LNRMO-1000  °C 

1  Li  ]  Sa 

0.125 

8.1889(1) 

549(1) 

— 

0.44 

6.8 

[Ni]16d  0.500 

[Mn]i6d  0.500 

[Rulied  0.500 

[0]32e  0.2633(3) 
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Energy  (eV) 

Fig.  2.  XANES  of  the  Mn  K  edge,  for  LiNio.sMni.sO^lOOO  °C  and  LiNio.4Ruo.05Mn1.5O4- 
1000  °C  samples,  as  well  as  for  the  reference  material  Mn02. 


Table  3 

EXAFS  fit  results  obtained  for  Mn,  Ni,  and  Ru  K  edges. 


LNMO 

LNRMO 

rMn-Ol  (A) 

1.902(5) 

1.903(6) 

DW— Mn— 01  (A2) 

0.0035(6) 

0.0032(6) 

rMn-Mn  (A) 

2.890(5) 

2.890(5) 

DW-Mn-Mn  (A2) 

0.0036(5) 

0.0033(4) 

rNi-0  (A) 

2.047(4) 

2.046(5) 

DW— Ni— O  (A2) 

0.0062(5) 

0.0056(7) 

rNi— Mn  (A) 

2.920(3) 

2.913(4) 

DW-Ni-Mn  (A2) 

0.0053(3) 

0.0049(4) 

rRu-0  (A) 

2.017(9) 

DW— Ru— O  (A2) 

0.002(1) 

rRu-Mn  (A) 

2.940(8) 

DW-Ru-Mn  (A2) 

0.0030(9) 

high  synthesis  temperature  [14].  Such  an  impurity  phase  is  not 
detectable  in  LNRMO-800  °C  and  LNRMO-IOOO  °C  samples.  This 
observation  implies  that  Ru  doping  suppresses  the  formation  of  an 
additional  phase.  The  structural  parameters  obtained  from  Rietveld 
refinement  based  on  the  obtained  XRD  data  are  listed  in  able  2. 
The  lattice  parameters  increase  with  increasing  synthesis  temper¬ 
ature  which  could  be  attributed  to  the  oxygen  loss  from  the  crystal 
lattice  which  in  turn  increases  the  Mn3+  content  in  the  sample  14]. 
Moreover,  the  obtained  lattice  parameters  are  larger  for  the  Ru- 
doped  samples  than  the  undoped  ones. 

To  study  the  influence  of  Ru  doping  on  the  oxidation  state  of  Mn 
and  Ni,  X-ray  absorption  near  edge  spectra  (XANES)  region  of  XAS 
spectrum  were  analyzed  for  LNMO-IOOO  °C  and  LNRMO-IOOO  °C 


Fig.  3.  k3  weighted  EXAFS  fitting  of  the  Mn  K  edge  in  k  range  3-14  A  1  and  r  range 
Uo.o5Mni.504-1000  °C,  Sq  =  0.52,  E0  =  -2.7,  reduced  chi2  =  345. 


Energy  (eV) 

Fig.  4.  XANES  of  the  Ni  K  edge,  for  LiNio.5Mni.504-1000  °C  and  LiNi0.4Ru0.05Mn1.5O4- 
1000  °C  samples,  as  well  as  for  the  reference  material  NiS04. 

samples.  The  XANES  spectra  of  both  doped  and  undoped  samples  at 
Mn  and  Ni  edges  were  compared  with  reference  materials  to  obtain 
the  oxidation  states  of  Mn  and  Ni.  Since  XANES  is  a  finger  print 
technique,  the  position  of  the  X-ray  absorption  edge  can  be  corre¬ 
lated  to  the  oxidation  state  of  the  absorbing  atom.  Therefore,  by 
comparing  the  XANES  region  of  Mn  I<  edge  of  both  LNMO-1000  °C 
and  LNRMO-IOOO  °C  with  the  standard  Mn02,  it  may  be  concluded 
that  the  Mn  in  both  Ru  doped  and  undoped  systems  predominantly 
exist  as  Mn4+  (see  Fig.  2).  It  may  be  stated  that,  direct  evidence  of 
the  presence  of  Mn3+  may  not  be  obtained  from  XANES,  as  the 
concentration  of  Mn3+  is  too  low  to  be  detected.  Recently,  Rana 
et  al.  has  correlated  the  Mn-0  bond  distance  obtained  from  the 
extended  X-ray  absorption  fine  structure  spectra  (EXAFS)  fitting  to 
the  average  oxidation  state  of  the  Mn  [33  .  The  present  EXAFS 
fitting  for  both  LNMO  and  LNRMO  provided  a  Mn-0  bond  distance 
of  1.90  A  (see  fable  3)  which  may  be  assigned  to  an  average  Mn-0 
bond  lying  between  Mn3,5+-0  and  Mn4+-0.  The  EXAFS  fit  for  both 
LNMO  and  LNRMO  at  Mn  edge  is  shown  in  Fig.  3.  It  should  be 
emphasized  that  any  quantification  of  Mn3+  is  limited  by  the 
available  data  range  (~2A/<AR/tt)  where  the  A k  is  the  range  of 
Fourier  transform  and  A R  is  the  range  in  R  over  which  the  fit  is 
evaluated.  By  comparing  the  measured  Ni  edges  with  NiS04  refer¬ 
ence  spectra,  it  can  be  seen  that  Ni  in  both  Ru  doped  and  undoped 
system  exist  in  Ni2+  (see  Fig.  4).  The  EXAFS  fitting  at  Ni  K  edge  for 
both  doped  and  undoped  system  provided  a  bond  distance  of  Ni-O, 
2.05  A,  which  may  be  assigned  to  Ni2+-0  bond  distance  (see 
Table  3).  The  EXAFS  fitting  for  both  LNMO  and  LNRMO  spectra  at 
the  Ni  K  edge  is  shown  in  Fig.  5.  Although  an  identical  structural 
model  was  used  to  fit  both  Mn  and  Ni  edge  a  statistically  better  fit 


-3  A  a)  LiNio.5Mni.504-1000  °C,  Sq  =  0.57,  E0  =  -2.4,  reduced  chi2  =  232,  b)  LiNio.4R- 
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Fig.  5.  k3  weighted  EXAFS  fitting  of  the  Ni  K  edge  in  k  range  3-14  A  1  and  r  range  1-3  A  a)  LiNio.5Mni.504-1000  °C,  Sq  =  1 .0,  E0  =  -2.92  reduced  chi2  =  39,  b)  LiNi0.4Ru0.05Mn1.5O4- 
1000  °C,  S2  =  0.97,  E0  =  -3.4,  reduced  chi2  =  78. 


was  observed  for  the  Ni  edge.  This  may  be  further  attributed  to  the 
presence  of  a  mixed  valance  state  of  Mn  which  was  not  taken  into 
account  for  fitting.  To  confirm  the  presence  of  Ru  inside  the  spinel 
structure  Ru  I<  edge  spectra  of  the  Ru  doped  samples  were 
analyzed.  By  comparing  the  Ru  I<  edge  XANES  spectra  of  the  doped 
system  with  the  reference  spectra  of  RUO2  it  may  be  concluded  that 
the  Ru  inside  the  doped  system  exists  as  Ru4+  (see  Fig.  6a). 
Furthermore,  to  understand  the  local  coordination  of  the  Ru,  the 
EXAFS  region  of  the  XAS  spectra  was  analyzed.  The  Fourier  trans¬ 
formation  (FT)  of  the  EXAFS  spectra  to  the  r  space  revealed  two  high 
amplitude  peaks,  one  at  low  r  value  (between  1  and  2  A)  and 
another  at  high  r  value  (between  2  and  3  A)  (see  Fig.  6b).  This  is 
consistent  with  the  FT  pattern  obtained  for  Ni  as  well  as  Mn  edges. 
Thus,  the  Ru  is  expected  to  be  present  inside  the  spinel  structure. 
Finally  the  EXAFS  fitting  at  the  Ru  K  edge  provided  a  Ru-0  bond 
distance  of  2.02  A  and  2.94  A  for  Ru-Ni/Mn,  respectively,  which  is 
the  expected  for  Ru  occupying  the  16d  position  in  the  spinel 
structure.  The  larger  Ru-Mn/Ni  bond  distance  further  explains  the 
larger  lattice  parameter  observed  for  the  LNRMO  samples. 

SEM  images  of  LNMO-800  °C,  LNMO-1000  °C,  LNRMO-800  °C 
and  LNRMO-1000  °C  are  presented  in  Fig.  7a-d,  respectively.  The 
LNMO  and  LNRMO  particles  obtained  after  the  annealing  at  800  °C 
lack  well  defined  edges  and  the  particle  sizes  are  in  the  range  of 
50-200  nm.  In  contrast,  the  particles  of  the  materials  synthesized 
at  1000  °C  exhibit  pseudo-octahedral  shape  with  smoother  sur¬ 
faces  with  the  size  range  1-2  pm  and  0.5-1  pm  for  LNMO-1000  °C 
and  LNRMO-1000  °C,  respectively. 


Fig.  8  shows  the  voltage  vs.  discharge  capacity  plots  of  all 
samples  cycled  with  C/2  charge-discharge  rate  for  the  3rd  cycle. 
The  Ru-doped  samples  exhibit  a  higher  4  V  electrochemical  activity 
than  LNMO  as  revealed  from  the  larger  plateau  obtained  at 
3.8-4.4  V  voltage  range  (see  inset  of  Fig.  8).  As  the  4  V  electro¬ 
chemical  activity  directly  correlates  to  the  amount  of  Mn3+  in  the 
sample,  the  above  observation  points  out  to  a  higher  Mn3+  content 
in  LNRMO  (0.183  mol)  in  comparison  with  LNMO  (0.109  mol).  This 
further  indicates  that  the  structure  can  better  tolerate  the  oxygen 
non-stoichiometry  in  the  presence  of  Ru,  without  forming  an  im¬ 
purity  phase.  Moreover,  no  additional  electrochemically  active  re¬ 
gions  are  observed  which  shows  that  Ru  is  not  participating  in  the 
electrochemical  reactions. 

The  CV  curves  of  the  1st  and  the  10th  cycles  of  LNMO-1000  °C 
and  LNRMO-1000  °C  samples  are  presented  in  Fig.  9a  and  b.  A 
reversible  electrochemical  activity  at  around  4  V  which  is  attributed 
to  the  Mn3+/Mn4+  redox  couple  can  also  be  observed  here  clearly 
for  both  materials  which  is  still  present  after  10  cycles.  The  two 
peaks  in  the  region  of  4.5-4.9  V  during  oxidation  and  reduction 
processes  can  be  attributed  to  the  Ni2+  <-►  Ni3+  <-►  Ni4+  reactions 
[14-16].  Moreover,  the  higher  4  V  electrochemical  activity  is  clearly 
visible  for  the  LNRMO-1000  °C  sample  even  after  10  cycles. 

The  cycling  stability  results  of  the  first  300  cycles  with  a  C/2 
charge-discharge  rate  in  the  voltage  window  3.5-5.0  V  are 
shown  in  Fig.  10a.  For  the  materials  synthesized  at  800  °C,  the 
capacity  fading  is  much  higher  than  the  materials  synthesized  at 
1000  °C  (see  Fig.  10a).  The  particles  of  the  LNMO-800  °C  and 


Fig.  6.  a)  XANES  of  the  Ru  K  edge  for  LiNi0.4Ruo.o5Mni.504-1000  °C,  as  well  as  for  the  reference  material  Ru02  b)  k3  weighted  EXAFS  fit  of  the  Ru  K  edge  in  k  range  3-12  A  1  and  r 
range  1-3  A,  Sq  =  0.78,  E0  =  3.5,  reduced  chi2  =  42. 
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Fig.  7.  SEM  images  of  as  prepared  a)  LiNio.5Mni.504-800  °C,  b)  LiNio.5Mni.504-1000  °C,  c)  LiNio.4Ruo.05 


Mn1504-800  °C  and  d)  LiNio.4Ru0.o5Mni.504-1000  °C  powders. 


LNRMO-800  °C  samples  are  nano-sized  and  not  really  well  shaped 
(see  Fig.  7a  and  c).  They  have  a  high  surface  area  which  in  contact 
with  the  electrolyte  may  cause  undesirable  side  reactions  and 
results  in  poor  cycling  performance  [34].  In  contrast,  the  capacity 
retention  is  higher  for  the  materials  synthesized  at  1000  °C  which 
could  be  attributed  to  the  bigger  particle  size  with  pseudo- 
octahedral  shape,  smooth  surface  and  reduced  surface  area 
available  for  parasitic  reactions.  Fig.  10b  shows  the  300th 
discharge  curves  for  all  four  samples  where  the  high  capacity 
losses  of  the  LNMO-800  °C  and  LNRMO-800  °C  samples  are  clearly 
visible,  and  the  4  V  plateau  almost  vanishes  for  both  samples.  In 
addition,  the  high-voltage  plateaus  (~4.7  V)  diminish  for  both 
samples  and  are  almost  absent  for  LNRMO-800  °C.  However,  it 


Fig.  8.  Voltage  vs.  3rd  discharge  capacity  curves  of  LiNi0.5Mni.5O4-800  °C  (black), 
LiNio.5Mni.504-1000  °C  (red),  LiNio.4Ru0.o5Mni.504-800  °C  (green)  and  LiNi0.4R- 
Uo.o5Mni.504-1000  °C  (blue)  cathodes  cycled  at  a  charge  discharge  rate  of  C/2  in  a 
voltage  range  3. 5-5.0  V.  (For  interpretation  of  the  references  to  colour  in  this  figure 
legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


Ewe  (V) 


Fig.  9.  Cyclic  voltammograms  of  a)  1st  cycle  and  b)  10th  cycle  of  LiNio.5Mn1.5O4- 
1000  °C  (black)  and  LiNio^Ruo.osMn^O^lOOO  °C  (red)  cathodes  with  the  scan  rate  of 
0.1  mV  s_1  in  a  voltage  range  3.5-5.0  V.  (For  interpretation  of  the  references  to  colour 
in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Fig.  10.  a)  Cycle  number  vs.  discharge  capacity  plots  at  C/2  rate  between  3.5  and  5.0  V 
at  RT,  b)  voltage  vs.  300th  discharge  capacity  curves  of  LiNio.5Mni.504-800  °C  (black), 
LiNio.5Mni.504-1000  °C  (red),  LiNio.4Ruo.o5Mni.504-800  °C  (green)  and  LiNio.4R- 
u0.o5Mni.504-1000  °C  (blue)  cathodes  cycled  at  a  charge-discharge  rate  of  C/2  in  a 
voltage  range  3.5-5.0  V.  (For  interpretation  of  the  references  to  colour  in  this  figure 
legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


Fig.  12.  Discharge  capacity  vs.  cycle  number  plots  of  800  °C  and  1000  °C  synthesized 
materials  at  C/2  charge  rate  and  varied  discharge  rates  for  a)  electrodes  with  the  wet 
thickness  of  120  pm  (mass  loading  is  ~2  mg  cm  2  and  final  electrode  thickness  is  12  pm 
without  the  thickness  of  Al  foil)  and  b)  electrodes  with  the  wet  thickness  of  300  pm 
(mass  loading  is  ~4.5  mg  cm-2  and  final  electrode  thickness  is  25  pm  without  the 
thickness  of  Al  foil). 


Fig.  11.  SEM  images  of  a)  fresh  LiNio.sMn^C^-lOOO  °C,  b)  cycled  LiNio.5Mni.504-1000  °C,  c)  fresh  LiNio^Ruo.osMni.sC^-lOOO  °C  and  d)  cycled  LiNio^Ruo.osMn^C^-lOOO  °C  electrodes. 
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Table  4 

The  discharge  capacities  obtained  at  different  C-rates  for  two  different  mass  loadings. 


Sample  Discharge  capacity  (mAh  g  1)  with  C/2  The  discharge  capacities  as  percentage  of  the  capacity  delivered  at  C/2  for  two  mass  loadings 


1C  5  C  10C  20  C 


120  pm 

300  pm 

120  pm 

300  pm 

120  pm 

300  pm 

120  pm 

300  pm 

120  pm 

300  pm 

LNMO-800  °C 

136 

136 

95% 

95% 

83% 

83% 

74% 

74% 

67% 

64% 

LNMO-1000  °C 

134 

134 

100% 

100% 

99% 

99% 

97% 

96% 

91% 

74% 

LNRMO-800  °C 

139 

139 

99% 

99% 

96% 

96% 

92% 

89% 

84% 

69% 

LNRMO-1000  °C 

139 

139 

100% 

100% 

100% 

100% 

100% 

98% 

98% 

83% 

still  exists  for  the  materials  synthesized  at  1000  °C.  Even  though 
LNRMO-1000  °C  has  a  larger  4  V  electrochemical  activity  than 
LNMO-1000  °C,  it  has  a  better  cycling  stability.  The  capacity  re¬ 
tentions  after  300  cycles  for  LNMO-1000  °C  and  LNRMO-1000  °C 
are  79.5%  and  84%,  respectively. 

In  order  to  get  a  first  insight  into  the  ageing  mechanism,  LNMO- 
1000  °C  and  LNRMO-1000  °C  have  been  investigated  with  SEM 
before  and  after  300  cycles  (see  Fig.  lla-d).  The  800  °C  synthesized 
samples  were  omitted  as  they  exhibit  poorer  electrochemical  per¬ 
formance  compared  to  their  high-temperature  derivative.  Fig.  1 1  a-d 
show  the  fresh  and  the  cycled  cathodes  of  LNMO-1000  °C  and 
LNRMO-1000  °C,  respectively.  It  is  interesting  to  note  that  the 
LNMO-1000  °C  particles  undergo  severe  cracking  after  cycling. 
Comparatively  much  less  particle  cracks  are  observed  in  the  case  of 
LNRMO-1000  °C  electrodes.  One  of  the  reasons  of  the  observed  ca¬ 
pacity  loss  in  LNMO  might  be  related  to  this  mechanical  degradation 
which  increases  the  total  available  surface  area  and  in  turn  results  in 
side  reactions  such  as  electrolyte  decomposition.  Additionally,  that 
can  also  lead  to  contact  loss  which  would  result  in  less  materials 
taking  part  in  the  electrochemical  reaction.  This  investigation 
furthermore  reveals  that  ruthenium  doping  on  LNMO  also  helps  to 
stabilise  the  structure  and  morphology  to  a  certain  extent. 

The  high-rate  performances  of  the  samples  are  displayed  in 
Fig.  12a  and  b.  In  all  cases  the  charging  rate  was  hold  constant  at  C/ 
2  and  the  discharge  rates  were  varied.  Fig.  12a  and  b  present  the 
results  of  the  cathodes  prepared  with  the  wet  thickness  of  120  pm 
(mass  loading  is  ~2  mg  cm-2  and  final  electrode  thickness  is  12  pm 
without  the  thickness  of  Al  foil)  and  with  the  wet  thickness  of 
300  pm  (mass  loading  is  ~4.5  mg  cm-2  and  final  electrode  thick¬ 
ness  is  25  pm  without  the  thickness  of  Al  foil),  respectively.  The 
discharge  capacities  as  percentages  of  the  capacity  delivered  at  C/2 
for  the  two  mass  loadings  of  the  four  samples  are  also  listed  in 
Table  4.  Concerning  the  materials  synthesized  at  800  °C,  as  shown 
before,  the  capacity  fading  of  LNRMO-800  °C  is  much  higher 
compared  to  LNMO-800  °C  (see  Fig.  10a)  but  it  delivers  higher 
capacities  at  high  C-rates  for  both  mass  loadings.  The  samples 
synthesized  at  1000  °C  have  superior  high  rate-performance 
compared  to  the  samples  synthesized  at  800  °C.  Among  all  the 
materials  LNRMO-1000  °C  shows  the  highest  absolute  capacity 
even  at  high  C-rates  for  both  mass  loadings.  This  material  has  the 
largest  unit  cell  volume  (see  Table  2)  which  might  support  fast 
diffusion  of  lithium  ions  and  results  in  better  kinetics  of  Li 
insertion/de-insertion  to/from  the  crystal  structure.  The  discharge 
capacity  at  5  C  of  LNRMO-1000  °C  is  -100%  of  the  capacity  deliv¬ 
ered  at  C/2.  Furthermore,  it  delivers  an  absolute  capacity  of 
-139  mAh  g_1  for  12  pm  thick  electrodes  and  -136  mAh  g-1  for 
25  pm  thick  electrodes  at  10  C  which  are  100%  and  98%,  respec¬ 
tively,  of  the  capacity  delivered  at  C/2.  Hence,  up  to  10  C,  the 
applied  electrode  thicknesses  and  mass  loadings  do  not  play  a 
critical  role  in  the  capacities  delivered.  However,  at  20  C,  the  ca¬ 
pacities  delivered  are  much  more  dependent  on  the  mass  loadings. 
At  20  C  an  absolute  capacity  of  -136  mAh  g_1  (98%)  is  obtained  for 
12  pm  thick  electrodes  and  -115  mAh  g-1(83%)  for  25  pm  thick 
electrodes. 


4.  Conclusions 

LiNio.5Mn1.5O4  and  LiNio.4Ruo.05Mn1.5O4  materials  were  succes¬ 
sively  synthesized  with  citric  acid-assisted  sol-gel  method  and 
calcination  at  800  °C  and  1000  °C.  The  Ru  doping  in  spinel  material 
was  confirmed  by  Ru  K  edge  XAS  studies  and  is  expected  to  be 
present  in  16d  sites  in  the  spinel  structure.  Synchrotron  diffraction 
analyses  show  that  all  LNMO  powders  crystallize  in  the  cubic  spinel 
structure  with  the  Fd3m  space  group  but  contain  small  amounts  of 
LixNii_xO  impurity  at  both  temperatures.  This  was  suppressed  by 
Ru-doping  as  revealed  by  the  absence  of  such  an  impurity  phase  in 
LNRMO  which  further  indicates  the  increased  tolerance  of  the 
structure  towards  an  oxygen  loss.  The  amount  of  Mn3+  ions  in¬ 
creases  with  Ru-doping  as  well  as  with  higher  annealing  temper¬ 
atures  because  of  oxygen  loss  from  the  crystal  lattice.  The  samples 
synthesized  at  1000  °C  have  better  capacity  retentions  after  300 
cycles  at  C/2  (79.5%  and  84%  for  LNMO-1000  °C  and  LNRMO- 
1000  °C,  respectively)  than  the  ones  synthesized  at  800  °C  at  the 
same  rate  (42%  and  8.6%  for  LNMO-800  °C  and  LNRMO-800  °C, 
respectively),  which  is  related  to  a  better  crystallinity,  superior 
particle  morphology  and  lower  surface  area  available  for  parasitic 
reactions.  LNRMO-1000  °C  exhibits  excellent  electrochemical  per¬ 
formances  even  at  high  C-rates  which  could  be  attributed  to  high 
unit  cell  volume  and  additional  octahedral  vacancies.  It  shows  the 
highest  discharge  capacity  (136  mAh  g'1  at  20  C)  of  all  samples 
even  though  a  large  4  V  electrochemical  activity  is  observed,  which 
corresponds  to  the  electrochemical  activity  of  Mn3+.  Additionally 
the  mass  loadings  of  the  cathodes  significantly  affect  the  delivered 
capacities  especially  at  high  C-rate.  To  fully  understand  the  struc¬ 
tural  evolution,  in  situ  diffraction  experiments  during  electro¬ 
chemical  cycling  and  electron  paramagnetic  resonance  (EPR) 
spectroscopic  characterizations  are  in  progress. 
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